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Abstract 
In an effort to reduce the blade tip clearance leakage in turbine designs, this article aims to numerically investigate the effects 
of active jet-flow injected from the blade tip platform upon the blade tip clearance flow. A CFD code integrated with 
dense-correction-based 3D Reynolds-averaged Navier-Stokes equations together with the well-proven Reynolds stress model 
(RSM) is adopted. The variation of specific heat is taken into consideration. The effects of jet-flow on the tip clearance flow are 
simulated at two tip clearance heights, each with five differently located injection holes and three jet-flow mass rates. In this way, 
the article elucidates the mechanism of active injection control, analyzes the topological tip clearance flow structure, and, finally, 
calculates the turbine efficiency considering the effects of the jet-flow. The results show that the mass rate of the third jet-flow 
turn to be the optimum in maximizing the turbine efficiency. The jet-flows through combined holes could increase the efficiency 
by 0.35% with loose tip clearance, and by 0.3% with tight tip clearance. The number of saddle points is equal to that of nodes 
near the injection hole, which satisfies the singularity point distribution law. 
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1. Introduction1 
The tip leakage flow is one of the most common 
phenomena in turbomachinery. It stems from the pres-
sure difference across the blade and flows from the 
pressure surface to the suction surface of it. On leaving 
the gap on the suction surface side, the leakage flow 
interacts with the passing flow to form a vortex around 
the suction surface corner of the blade tip, dominating 
the aero-thermodynamic behavior of the flow in the tip 
region and accounting for one-third of overall loss in 
the turbine stage. For the purpose of either reducing 
losses or increasing efficiency, turbine designers are 
always required to adopt proper measures to cut down 
the tip leakage loss. 
From the viewpoint of the energy[1], the flow control 
measures can be classified into active control with 
energy import and passive control without energy im-
port. This article will focus attention on the active tur-
bine tip clearance flow control. Usually the control can 
be achieved by means of tip injection[2-5], plasma[6-8] 
and mechanical force[9-12]. Ref.[2] experimentally stu- 
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died the turbine tip desensitization method by using tip 
coolant injection. Refs.[3-5] carried out in depth ex-
perimental studies on the turbine tip desensitization 
method by injecting tip coolant in a large-scale rotat-
ing turbine rig and took the effects of the jet-flow mass 
rate and the injection location into consideration. It 
was shown that injecting coolant from tip trench suc-
ceeded in overcoming the total pressure defect origi-
nally resulted from the leakage vortex without jet- 
flows. Refs.[6-8] investigated the tip leakage flow 
control by using the plasma actuators on the turbine 
blade tip in a linear cascade facility. The results indi-
cated that the actuators caused qualitative changes in 
the structure of downstream wake profiles. In order to 
keep the blade tip clearance as small as possible, the 
first generation of mechanically-actuated active clear-
ance control (ACC) system had been developed[9-12]. 
The system provided fast and precise active clearance 
control over engine’s operating period through inde-
pendent actuators, a segmented shroud structure, and 
clearance measurement feedbacks. 
The article aims to numerically investigate the ef-
fects of turbine blade tip injection on tip clearance 
flow in the light of aerodynamics for a turbine rotor 
working under the real condition with high tempera-
ture, high pressure ratio, and high rotation speeds. To 
the best of authors’ knowledge, only in Pennsylvania 1000-9361© 2009 Elsevier Ltd. Open access under CC BY-NC-ND license.
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State University, some experimental researches have 
been carried out on the active control by using blade 
tip jet-flow to reduce the tip leakage loss in rotating 
turbine rig[2-5], but, regrettably, few efforts were de-
voted to numerical studies. This might be because of 
costly experiments and prolonged time, and moreover, 
not all the parameters of tip clearance flow can be ac-
quired under real working conditions of a rotating tur-
bine rig. Therefore, the article simulates the tip leakage 
flow field on a rotating turbine rotor, which has five 
differently located holes in blade tips, and investigates 
the influences of variation of specific heat and the 
combined jet-flows. The tip leakage flow field will be 
analyzed in detail according to the streamline patterns 
and velocity vectors in the turbine rotor passage. Fi-
nally, the article ends with calculation of the efficiency 
of the rotor with jet-flows. 
2. Turbine Rotor and Numerical Analysis 
2.1. Turbine rotor 
The turbine rotor under study is of a single axial 
high-speed air type. The cylindrical profile of the rotor 
blades is taken from the root-section of an aeronautic 
gas turbine rotor blade. Table 1 lists its geometrical 
parameters. It has a small geometry meaning the tip 
leakage flow is remarkable. 
Table 1 Test rotor’s geometry 
Parameter Value 
Number of rotor blades Nrb 90 
Axial chord Ca/mm 20 
Blade height H/mm 43 
Absolute inlet flow angle Din/(°) 50 
Absolute outlet flow angle Dout/(°) 59 
Rotation speed n/(r·min–1) 17 000 
Mean diameter D/mm 200 
Tip clearance height a/mm 0.43 
2.2. CFD code 
The simulation of interaction of leakage flow with 
the jet-flow is performed with the help of a CFD code. 
Formulated in a Cartesian coordinate system, the code 
is responsible for solving the Reynolds-averaged Na-
vier-Stokes equations in the 3D steady turbulent form. 
The fluid is assumed to be of perfect nature. Finite 
volume method is used to discrete the equations. Since 
the distribution of the turbulence kinetic energy in dif-
ferent directions makes the turbulent field anisotropic 
in tip gap region, the isotropic turbulence models (e.g., 
two-equation models) become inaccurate near the 
endwall, the tip leakage vortex, the secondary flow, 
and the blade boundary layer region near the suction 
side[13-14]. The Reynolds stress model (RSM) might 
have anisotropy and rotation effects. H. T. Yang, et 
al.[15] indicated that RSM performs slightly better than 
the high Reynolds number k-e model and renormaliza-
tion group (RNG) model. Y. W. Liu, et al.[16] studied 
six turbulence models used in compressor aerodynam-
ics to assess the predictive capabilities in the tip region 
of the rotor. The results show that the RSM is superior 
to other models in predicting the tip leakage vortex 
under the designed condition in compressors. Thus, the 
article uses the RSM and nonequilibrium wall function. 
To speed up the convergence, the local time stepping 
and the implicit residual smoothing are used. 
In addition, it is very difficult to obtain experimental 
data on turbine tip clearance flow field in a turbine rig 
rotating under high pressures and temperatures, hence, 
an overall performance of a single turbine stage and 
the outlet flow field in an axial linear turbine cascade 
is used to validate the code. The simulation results are 
compared with the overall performance of a single 
turbine stage[17-18] (see Fig.1(a)). Fig.1(b) displays the 
detailed experimental data of the tip leakage flow in a 
linear turbine cascade, which are shown as total pres-
sure loss coefficients defined in Section 3.2. The tip 
clearance height accounts for 1.0% blade height and 
the outlet Mach number is 0.3. Fig.1(c) exposes the 
relevant simulation results, which appear in good 
agreement with the experimental data in Fig.1(b). 
 
(a) Comparison of overall performance 
 
(b) Experimental data in linear turbine cascade 
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(c) Simulation results in linear turbine cascade 
Fig.1  Comparison between experimental data and simula-
tion results. 
2.3. Grids and boundary conditions 
The injection holes are located at 50%, 60%, 70%, 
80%, and 90%Ca, each corresponds to jet-flow mass 
rates accounting for 0.2%, 0.2%, 0.2%, 0.2%, and 
0.1% of core flow with a clearance of 1.0%H or 
2.0%H. Modern high-pressure turbine stages typically 
eject coolant via radial holes through the tip platforms, 
which was numerically investigated by G. Chen, et 
al.[19] in 2D flow field. They concluded that a secon-
dary jet-flow that is injected normally into leakage 
flow is of great help to reduce the tip leakage flow. N. 
M. Rao, et al.[3-5] conducted an experimental study on a 
turbine tip desensitization method by using tip coolant 
injection. Air coolant was injected from discrete holes 
in a tip trench inclined 45° to the blade pressure side. 
They concluded that the injection through discrete 
holes could reduce the tip leakage flow and eventually 
limit the mixing losses due to the tip leakage vortexes. 
As such, the injection holes are arranged toward the 
pressure side in the current study. In order to simulate 
the effects of the jet-flow boundary layer, a round tube 
is installed in the injection hole. Both the flow angle 
and the yaw angle of the jet-flow are equal to 45°.  
The computational domain consists of a single blade 
with periodic conditions imposed along the boundaries 
in the circumferential (pitch) direction. The grid inde-
pendence has been validated. The tip leakage flow 
field is sensitive to the radial node number in tip re-
gion, whereas the node number in axial and tangential 
direction has little influence on the tip leakage flow[20]. 
The RSM and nonequilibrium wall function demand 
the value near wall to remain at about 30. The radial 
node numbers of 12, 16, and 20 in tip region are cal-
culated, respectively, to determine the optimal values 
at a = 1.0%H. When the node number equals 16 and 
more, it exerts little influence on the flow field. Ac-
cordingly, the radial node number in tip region is as-
sumed 30 at a = 2.0%H. A structured hexahedral mesh 
is adopted in the main flow region with 130×60×90 
points in axial, pitchwise, and spanwise directions. The 
unstructured hexahedral mesh is adopted in the jet- 
flow and the tip leakage region. Fig.2 illustrates a 
mesh near the tip platform.  
 
Fig.2  Blade grid near tip platform. 
The inlet boundary is located at one axial chord 
length in the blade root upstream of the leading edge. 
The total temperature (1 300 K) and the total pressure 
(1 000 kPa) are specified along with the inlet flow 
angle and turbulence intensity level (5.0%). The exit 
boundary is located at two axial chord lengths in the 
blade root downstream of the trailing edge. The static 
pressure is specified as 300 kPa at the exit. The jet- 
flow mass rate is specified at the jet inlet. As the spe-
cific heat of the gas varies considerably when tem-
perature is high, the effects of specific heat variation 
should be taken into account. The viscosity coefficient 
is decided by Sutherland formula. 
3. Results and Discussion 
3.1. Distribution of relative Mach numbers and   
pressure coefficients in middle of tip region 
Fig.3 shows the distribution of relative Mach num-
bers and static pressure coefficients in the middle of tip 
region at a = 1.0%H with Jet 2nd and Jet 4th, which 
corresponds to 99.5% span along the blade tip surface. 
The jet-flow makes the relative Mach number up-
stream and downstream of the injection holes decline 
significantly. The pressure coefficient on pressure side 
greatly increases, whereas it is quite the reverse on 
suction side. Jet-flows block the tip leakage flow thus 
decreasing the relative Mach number and increasing 
the pressure coefficient near pressure side. The flow 
downstream of the injection holes forms a circulating 
region, so both the relative Mach number and the 
pressure coefficient decline on suction side. The axial 
location of the minimal relative Mach number on suc-
tion side is nearer to the trailing edge than that on 
pressure side, which can be ascribed to the fact that the 
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tip leakage flow passes the tip surface in the direction 
nearly vertical to the camber line. 
 
(a) Relative Mach number (a = 1.0%H) 
 
(b) Static pressure coefficient (a = 1.0%H) 
Fig.3  Distribution of relative Mach numbers and static 
pressure coefficients. 
3.2. Effects of tip active control on rotor exit flow
 field 
The effects of active control on the tip clearance 
flow are investigated by observing the total pressure 
loss coefficient distribution at the 10%Ca downstream 
of the rotor exit plane. Total pressure loss coefficient is 
defined as 
2
rinlet rlocal m( ) /(1/ 2 )p p U] U          (1) 
where prinlet represents the inlet total pressure, prlocal the 
local total pressure, U the density, and Um the inlet ve-
locity at midspan. 
Fig.4 illustrates the distribution of ] pertinent to Jet 
1st at a = 1.0%H. Fig.4(a) shows the basic flow field, 
whereas Fig.4(b) shows the ] distribution with active 
control. The region of the tip clearance flow and the 
entrainment of fluid around it are viewed as the region 
with high ]. This region in association with the tip 
clearance vortex is mainly ascribed to the swirling of 
the vortex. From Fig.4, it is clear that reasonable tip 
clearance jet-flow control can effectively decrease the 
intensity of the tip leakage vortexes and the tip leakage 
losses. For detailed flow analysis, see below. 
 
Fig.4  Distribution of total pressure loss coefficients. 
3.3. Effects of injection location on flow field 
The a is 1.0%H or 2.0%H. Suppose the turbine 
working in a critical state. With the other conditions 
constant, simulate the flow fields with the jet-flows 
located at 50%, 60%, 70%, 80%, and 90% of Ca, re-
spectively. In order to compare the flow behavior with 
different injection locations, analyze the flow field 
structures with Jet 2nd and Jet 4th in detail.  
(1) Analysis of flow field structure with Jet 2nd 
Fig.5 shows the velocity vectors and the streamline 
patterns for the tip gap flow in two selected planes 
parallel to the tip surface. The ratio z/a, by which is 
meant the ratio of the distance from the selected plane 
to the blade tip and to the tip clearance height is as-
sumed to be 0.1 and 0.9, respectively.  
The velocity vectors in Figs.5(a)-5(b) show the tip 
leakage flow that begins near the leading edge. The tip 
leakage flow interacts with the main flow to form tip 
leakage vortexes along the suction side near the blade 
tip. The boundary of the tip leakage vortexes can be 
clearly seen from velocity vectors and streamline pat-
terns in Fig.5. The change of injection location obvi-
ously alters the local flow distribution near the injec-
tion hole yet slightly the ambient flow field. z/a has 
clear effects upon the velocity vector distribution and 
streamline patterns. The appearance of star node (see 
Fig.5(a)) shows jet-flow coming out. Because of the 
interaction and the losses produced by the shearing 
stress, the turbulence fluctuation, and the viscosity in 
the region between the jet-flow and the tip leakage 
flow, a recirculation region appears downstream of the 
jet-flow. In the region, a pair of kidney-shaped vor-
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texes, denoted by N1 and N2 (see Fig.5(b)), appear. 
Fig.5(a) displays a weak tip leakage flow and a short 
distance from the blade tip to the selected plane and a 
spiral vortex denoted by N2. 
Based on the flow topology theory, the Poincare 
value in the plain board with the transverse jet-flow is 
equal to zero[21]. Out of the similarity between the flow 
structure with jet-flow from the turbine blade tip and 
the plain board with the transverse jet-flow, the Poin-
care value can also be assumed 0. From the singularity 
point distribution law, the following can be obtained 
( 0.5 ) ( 0.5 )N N' S S' I¦  ¦  ¦  ¦  ¦     (2) 
where N represents the number of nodes, N' the num-
ber of seminodes, S the number of saddles, S' the 
semisaddles, and I the Poincare value. The numbers of 
N', S', and I are all equal to zero. N¦ and S¦ are 
equal to 2 in Figs.5(a)-5(b), but 0 in Figs.5(c)-5(d). 
The streamline pattern near the jet-flow reveals that 
the nodes are of a saddle type. This indicates a rea-
sonable topological flow structure. 
Figs.5(c)-5(d) display considerable effects that the 
outer casing has on tip leakage flow. From the leading 
edge to nearly 20%Ca, the tip leakage flow passes from 
the suction side to the pressure side. The tip leakage 
that flows leaks from the suction side to the pressure 
side between about 20%Ca and 50%Ca, then flows 
towards the suction side because the tip leakage flow 
from the suction side fails to block the flow from the 
 
(a) a=1.0%H, z/a=0.1 
 
(b) a=2.0%H, z/a=0.1 
 
(c) a=1.0%H, z/a=0.9 
 
(d) a=2.0%H, z/a=0.9 
Fig.5  Leakage flow patterns in planes parallel to tip surface 
with Jet 2nd. 
pressure side. The velocity vectors of tip leakage flow 
are directed towards the camber line and decline in 
magnitude. The boundary SLTL of tip leakage vortex 
comes close to the suction side indicating the tip leak-
age flow abated by the outer casing. 
(2) Analysis of flow field structure with Jet 4th 
Fig.6 shows the velocity vectors and the streamline 
pattern of the tip gap flow in a selected planes parallel 
to the blade tip with Jet 4th at z/a = 0.1.  
With Jet 4th near the trailing edge, the tip leakage 
flow is strong. The out-coming jet-flow interacts in-
tensively with the tip leakage flow forming a pair of 
kidney-shaped vortexes denoted by N1 and N2 (see 
 
(a) a=1.0%H, z/a=0.1 
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(b) a=2.0%H, z/a=0.1 
Fig.6  Leakage flow patterns in planes parallel to tip surface 
with Jet 4th. 
Figs.6(a)-6(b)). The jet-flow in Fig.6(a) looks stronger 
than that in Fig.6(b) in a form of a spiral saddle N3. 
3.4. Effects of jet-flow mass rate on flow field 
The jet-low mass rates mj under study occupy 0.1%, 
0.2%, and 0.3% of the main passing flow mp, respec-
tively. The flow field structures of the passage with Jet 
3rd (70%Ca) are chosen to be analyzed in detail with 
small jet-flow mass rate (mj/mp = 0.1%) and large 
jet-flow mass rate (mj/mp = 0.3%). 
(1) Analysis of flow field structure with Jet 3rd at 
small jet-flow mass flow rate 
Fig.7 shows the velocity vectors and the streamline 
pattern of the tip gap flows in a plane (z/a = 0.1) with 
Jet 3rd.  
With small jet-flow mass rate, the jet begins to 
weaken, so does the interaction between the jet-flow 
and tip leakage flow without generating kidney-shaped 
vortexes (see Fig.7). The distance of the selected plane 
to the blade tip in Fig.7(a) is closer than that in 
Fig.7(b); the tip leakage flow becomes stronger and 
the effects of jet-flow weaker in Fig.7(b). An N2 de-
noted node forms (see Fig.7(a)) exposing the appear-
ance of a recirculation region downstream of the 
jet-flow. 
 
(a) mj/mp = 0.1%, a=1.0%H, z/a=0.1 
 
(b) mj/mp=0.1%, a=2.0%H, z/a=0.1 
Fig.7  Leakage flow patterns in planes parallel to tip surface 
with Jet 3rd. 
(2) Analysis of flow field structure with Jet 3rd with 
large jet-flow mass rate 
Fig.8 shows the flow field with large jet-flow mass 
rate with Jet 3rd. Increase of jet-flow mass rate results 
in intensive interaction between the jet-flow and the tip 
leakage flow making the flow filed near the jet-flow 
more complicated by forming a pair of kidney-shaped 
vortexes denoted by N1 and N2 (see Fig.8). In Fig.8(a), 
with a small tip clearance height and a weak tip leak-
age flow, the jet-flow exerts stronger influences on the 
tip leakage flow. As shown in Fig.8(a), the jet-flow 
comes out in a spiral form denoted by N3. 
 
(a) mj/mp=0.3%, a=1.0%H, z/a=0.1 
 
(b) mj/mp=0.3%, a=2.0%H, z/a=0.1 
Fig.8  Leakage flow patterns in planes parallel to tip surface 
with Jet 3rd. 
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3.5. Effects of jet on turbine efficiency 
Like in the case of other gas cooling turbines, re-
searchers have not yet reached consensus on the defi-
nition of efficiency of jet-flow-cooling turbines despite 
40 years’ development of gas turbine’s cooling tech-
nology. Ref.[22] reviews the arguments pertinent to it 
and came up with a new approach to solve the problem 
by computing the inlet total pressure before and after 
mixing. Thus the efficiency of turbines can be deter-
mined with the natural turbine efficiency formula. 
The mixing process is regarded as adiabatic and the 
total temperature after mixing T0m can be calculated 
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The total pressure after mixing p0m is given by 
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 ¦  the summation of the n coolant 
streams, cpg the specific heat pertinent to the total 
temperature T0, R the specific gas constant, p0 the total 
pressure. The subscripts ci, g, and m denote the ith 
coolant stream, mainstream gas, and mix condition, 
respectively. 
Defined as the difference of efficiency between the 
turbines with and without jet-flows, the effects of the 
jet-flow are shown in Fig.9, in which the abscissa de-
notes the axial chord position of the jet-flow and y axis 
the variation of turbine efficiency due to jet-flow. The 
tip leakage flow is sensitive to the injection location. 
Although all jets under test could increase the turbine 
efficiency at a = 1.0%H, the fifth jet produces less 
effects than the first and the second. Jet 1st, Jet 2nd, 
and Jet 3rd cause the turbine efficiency to increase 
 
Fig.9  Comparison of efficiency of turbines with jet-flow. 
at a = 2.0%H. The jet-flow mass rate of Jet 3rd proves 
to be most ideal to maximize the turbine efficiency. 
The turbine efficiency reaches maximum when Jet 3rd 
accounts for 0.2% core flow in loose tip clearance, 
whereas it decreases when the jet-flow accounts for 
0.1% or 0.3%. As far as Jet 3rd is concerned, the tur-
bine efficiency changes monotonously with the jet- 
flow mass rate. This indicates that jet-flows reduce the 
tip leakage flow and the tip leakage loss on one side, 
but introduce the mixing loss when the jet interacts 
with the tip leakage flow on the other. Therefore, the 
jet active control could not achieve the intended pur-
pose unless the positive effects overcome the negative 
ones. 
3.6. Effects of combined jet-flows on flow field 
Combination of jet-flows is devised to further in-
crease the turbine efficiency. The efficiency could be 
raised nearly by 0.35% at a = 2.0%H with the combi-
nation of Jet 1st, Jet 2nd, and Jet 3rd, each accounting 
for 0.2% of core flow, and by 0.28% at a = 1.0%H 
with the combination of Jet 1st and Jet 2nd, each for as 
much. In contrast, the efficiency increases by nearly 
0.30% with only the first jet. This indicates the in-
crease in mixing losses due to the interaction of 
jet-flows. Fig.10 shows the streamline pattern of the 
tip gap flows in a selected planes parallel to the blade 
tip platform with Jet 1st, Jet 2nd, and Jet 3rd at z/a = 
0.1 and a = 2.0%H. It displays there being a pair of 
kidney-shaped vortexes in each jet-flow. 
 
Fig.10  Leakage flow pattern in a plane parallel to the tip 
surfaces of Jet 1st, 2nd, and 3rd. 
3.7. Study on mechanism of active jet-flow control 
When coming out, the jet-flow blocks and counters 
the tip leakage flow passing the tip region near the 
pressure side shown in position A of Fig.11(a). This 
means that more gas will drive the turbine to work 
thereby increasing the turbine efficiency. In the 
jet-flow region, the static pressure coefficient increases 
upstream of the injection hole and decreases near the 
suction side shown in position B of Fig.11(a), so the 
tip leakage flow velocity decreases (see Fig.3(a)).  
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The jet-flow reduces the area of tip leakage vortex 
(see Fig.4). When the jet-flow comes out, it reduces 
the loss in the tip region, which can be entropy pro-
duction (see Fig.11(b)). This serves as a positive effect 
to help decrease the loss, but also a negative one to 
generate mixing loss when the jet-flow interacts with 
the tip leakage flow. Just as mentioned above, that the 
upside more than balances the downside will justify 
the application of active jet-flow control. 
 
(a) Particle traces through passage 
 
(b) Entropy contours in tip platform 
Fig.11  Particle traces and entropy contours. 
4. Conclusions 
A CFD code integrated with dense-correction-based 
3D Reynolds-averaged Navier-Stokes equations to-
gether with a RSM has been used to simulate and 
study the effects of jet-flow on tip leakage flow in a 
high pressure turbine rotor. Taking into account the 
variation of specific heat, the effects of jet-flow on the 
tip clearance flow are simulated at two tip clearance 
heights, each with five differently located injection 
holes and three different jet-flow mass rates. The main 
conclusions could be drawn as follows: 
(1) The decline of tip clearance loss can be credited 
to: ķimposition of blockage on the tip clearance flow 
thus decreasing the tip leakage loss; ĸdecrease of the 
tip leakage flow velocity downstream of the injection 
holes and weakening of the interaction between the tip 
leakage flow and the main passing flow, and Ĺdecline 
of entropy production near the jet-flow in tip platform. 
(2) The turbine efficiency could benefit from the 
jet-flow if the injection holes are to be properly located. 
The combined jet-flows could increase the efficiency 
by 0.35% in the case of loose tip clearance and by 
0.30% in the case of tight tip clearance. 
(3) A pair of kidney-shaped vortexes could appear 
near the blade tip in the jet-flow region. The number of 
saddle points is equal to that of nodes, which satisfies 
the singularity point distribution law. 
(4) The jet-flow mass rate of Jet 3rd turns to be op-
timal in maximizing turbine efficiency. The blocking 
effects of the tip leakage flow by jet-flows abate with 
smaller jet-flow mass rates while mixing loss aug-
ments with larger jet-flow mass rates. 
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